of the renin-angiotensin and associated systems in the rat after pharmacological and dietary interventions in vivo. Physiol Genomics 35: 330 -340, 2008. First published September 16, 2008 doi:10.1152/physiolgenomics.00187.2007.-To address the multiplicity of the renin-angiotensin system (RAS) with particular interest in its local, synergistic regulation, we investigate dynamic changes of the RAS and associated systems in response to external stimuli in the rat. We tested influences of the RAS blockade (candesartan and enalapril), diuretics (hydrochlorothiazide), high lipid diet, and salt loading on tissue mRNA level of 12 principal genes. Under the hemodynamic conditions appropriately predetermined, we quantitatively evaluated mRNA level changes with and without each intervention in five organs-the brain, heart, kidney, liver, and adipose tissues-of male rats (n ϭ 5 each). A total of 250 tissues were examined by real-time PCR. Significant changes in mRNA level (P Ͻ 0.05) were found in a drug-, diet-and tissuespecific manner. For instance, 29% of genes (14 out of 48 tissues showing detectable mRNA levels) were differentially regulated by candesartan and enalapril, although both drugs reduced blood pressure to similar extents. When the overall interactions among 12 genes were compared between interventions, the RAS and associated systems appeared to change in the opposite direction between candesartan and high lipid diet in the adipose tissue and between candesartan and salt loading in the heart. Enalapril, however, induced unique patterns of perturbation in the local RAS under the corresponding conditions. Thus, this study provides a fundamental picture of gene expression profile in vivo in the RAS and associated systems. In particular, our data highlight differential regulation between candesartan and enalapril, which may reflect the individual pharmacological properties regarding clinical implications.
THE RENIN-ANGIOTENSIN SYSTEM (RAS) plays a key role in the circulatory system. Acting principally through type 1 angiotensin receptors, the RAS constitutes a master regulator of fluid-electrolyte homeostasis. In this line, clinical impacts of this pathway on regulation of blood pressure (BP) have been highlighted by the impressive efficacy of angiotensin-converting enzyme (ACE) inhibitors and angiotensin receptor blockers (ARBs) in patients with cardiovascular diseases (24) . Also, heated arguments have been brought up about the BP-independent vascular protection by blockade of the RAS (13) . In fact, recent human studies with ACE inhibitors and ARBs have demonstrated notable clinical benefits including decreases in the incidence of stroke, end-stage renal disease and diabetes, suggesting important new biological mechanisms mediated by the RAS (7) .
Two systems have been known to be physiologically associated with the RAS. One system, which forms an extensive cascade regulating fluid and electrolyte balance in combination with the RAS, is the aldosterone biosynthetic pathway and mineralocorticoid action (5) . The other system is the kallikreinkinin system, triggering of which results in the release of vasoactive kinins, i.e., bradykinin (BK)-related peptides (15) . Because of its higher affinity for BK than for angiotensin I (ANG I), ACE is also considered as a kininase (kininase II). A large number of molecular approaches have been undertaken to address the multiplicity of the RAS and its interaction with other vasoactive hormones as outlined in Supplementary Fig . S1A (5, 15, 24) . 1 Given the complex interplay of these pathways, systematic evaluation of dynamic changes in vivo of the RAS together with its associated systems is essential to understand an overall physiological network and control (or feedback) mechanisms against external stimuli such as pharmacological and dietary interventions. It is known that changes at the level of plasma concentration do not necessarily correlate with changes at the mRNA level (22) . Accordingly, as for a total of 12 genes that constitute key components of the target pathways, we investigate mRNA levels in five organs-the brain, heart, kidney, liver, and adipose tissue-by keeping the concept of local RAS in mind (6) .
We designed the current study in rat models of hypertension and end-organ damage to answer the following questions: 1) does administration of ACE inhibitors and ARBs provoke similar changes in gene expression across five tested organs when systemic BP is pharmacologically lowered to an equivalent level, 2) do diuretics (hydrochlorothiazide) induce changes in gene expression similarly to the RAS blockade (by ACE inhibitors and ARBs), and 3) do dietary interventions-high lipid diet and salt loading, which can exaggerate insulin resistance and salt sensitivity, respectively-considerably interfere with the local RAS and/or its associated systems?
MATERIALS AND METHODS

Animals.
We used the spontaneously hypertensive rat of a Japanese colony (SHR/Izm, which is hereafter referred to as SHR) and its subline, stroke-prone SHR (SHRSP/Izm, which is hereafter referred to as SHRSP) for dietary and pharmacological interventions, respectively. Rats were weaned at 4 wk after birth and were placed on a normal rat chow (SP diet, Funabashi Farm, Japan) for the group undergoing pharmacological intervention (male SHRSP, see details below), on SP diet with free access to 1% NaCl drinking water for the group undergoing salt loading (male SHR, n ϭ 5), and on high-fathigh-cholesterol diet (5% lard, 2% cholesterol, and 0.5% cholic acid) for the group undergoing high lipid diet intervention (male SHR, n ϭ 5).
Apart from the salt loading experiments described below, all systolic BP measurements were performed by the tail-cuff method in this study, as previously described (11) , in which three consecutive BP readings were taken and averaged for each session. Direct BP measurements were additionally carried out on male SHR (n ϭ 3 each for SP diet alone and for dietary salt loading) with the use of the Dataquest IV system (Data Sciences International) to evaluate hemodynamic influences of salt loading without exposing the rats to cuff-constraint, as previously described (11) . In brief, the rats were operated on under anesthesia at 10 wk of age and were allowed to recover for 14 days. Daytime and nighttime average systolic BPs were then recorded with radiotelemetry from 12 wk to 18 wk of age.
At two points, before and after pharmacological and dietary interventions, blood samples were drawn from the tail vein of the rat in the overnight (16 h) fasting state for the measurement of glucose, insulin, total cholesterol, triglycerides, and free fatty acids. On the last day of individual interventions, an overnight, 24-h urine collection was obtained for the measurement of urinary protein.
The rats were killed under pentobarbital anesthesia (50 mg/kg intraperitoneal infusion), and the organs were excised and immediately frozen at Ϫ70°C for subsequent RNA extraction. All rats were laboratory animals and were treated in compliance with institutional regulations. This protocol was approved by the animal ethics committee of the Research Institute, International Medical Center of Japan.
Pharmacological intervention. We chose to test three classes of antihypertensive drugs that were expected to substantially influence the RAS and associated systems in the BP-independent manner: enalapril from ACE inhibitors, candesartan from ARBs, and hydrochlorothiazide from diuretics.
To see whether we could minimize the differences in BP decrease and the resultant BP-dependent effects among these antihypertensive drugs, we first performed a pilot study and then proceeded to a main study as follows. In the pilot study, we tested a few different doses of each drug on 12-wk-old male SHRSP (n ϭ 2 each) as shown in Fig. 1 , by referring to the doses reported in the previous studies that had tested the corresponding drugs. The range of the reported doses was: 2-30 mg ⅐ kg Ϫ1 ⅐ day Ϫ1 for enalapril, 1-10 mg ⅐ kg Ϫ1 ⅐ day Ϫ1 for candesartan, and 1-20 ⅐ kg Ϫ1 ⅐ day Ϫ1 for hydrochlorothiazide. The rats were given candesartan and hydrochlorothiazide mixed in drinking water, Fig. 1 . Temporal changes in systolic blood pressure (BP) with and without administration of three antihypertensive drugs in stroke-prone spontaneously hypertensive rats (SHRSP). A: the results for pilot studies that aimed at determining an appropriate dose of each drug using 2 male SHRSP are shown. B: the results for main studies (n ϭ 5 each) are shown. As for candesartan and enalapril, systolic BP was significantly (P Ͻ0.01) different between the drug-intervention group and the control group at every measurement point after 3 days of administration. whereas enalapril was given by the gavage method. Systolic BP was measured by the tail-cuff method on every 3-4 days for 4 wk (between 12 and 16 wk of age).
Based on the results in this pilot study, we determined an appropriate dose of each drug, either 1) beyond the level of which no further BP lowering effects were attained or 2) which was a lower dose among the ones tested when no apparent dose-dependent BP lowering effects were observed.
Dietary intervention. The dietary interventions were also performed to investigate whether high lipid diet and salt loading, which could exaggerate insulin resistance and salt sensitivity, respectively, considerably interfere with the local RAS and/or its associated systems. The intervention period was restricted to 4 wk between 12 and 16 wk of age, and thereafter the rats were fed on SP diet again. While a substantial part of predisposition to cardiovascular disease traits is assumed to be shared between SHR and SHRSP, some is relatively pronounced in or unique to either of the rat strains. SHR is characterized by prominent hypertension, as well as conspicuous responses to high lipid diet and a modest degree of salt sensitivity. SHRSP is, on the other hand, characterized by severe hypertension and cardiovascular complications such as stroke, cardiac hypertrophy, and renal dysfunction, and almost all male SHRSP would develop stoke with Ͻ1 mo of dietary salt loading. Hence, we chose the individual strains to suit the nature of intervention; that is, SHRSP for pharmacological intervention and SHR for dietary intervention.
Tissue processing and RNA isolation. We homogenized 1 g each of the individual tissues with a 0.5-inch-diameter generator shaft at speed 22,000 rpm for 60 s in a Polytron homogenizer RT1300 (Kinematica, Littau, Switzerland). Total RNA was extracted by using RNeasy maxi kit (Qiagen, Valencia, CA) according to the manufacturer's protocol. The quality of RNA was checked with an RNA 6000 Nano LabChip on the Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA). The cDNA was then synthesized from 1 g of the DNase I-treated total RNA by using Omniscript RT (reverse transcriptase) Kit (Qiagen, Valencia, CA) and subjected to real-time PCR amplification.
Real-time PCR amplification. The PCR primer sequences for target genes were originally designed. Information about the primer sequences is provided in Supplementary Table S1 . Real-time PCR amplifications were performed in a 384-well plate in the ABI 7900 HT Sequence Detection System (PE Applied Biosystems) in a total volume of 10 l, which included 2 l of template cDNA plus SYBR green I master mixture and a final concentration of 400 nM each of forward and reverse primers. Each sample was analyzed in duplicate, and PCR amplification was performed as follows: 2 min at 50°C and 10 min at 95°C, followed by a total of 40 temperature cycles (15 s at 95°C and 1 min at 60°C). The numbers of copies of the PCR template in a starting sample were calculated by using the SEQUENCE DETECTOR system ver. 2.2.2 incorporated in the ABI 7900 HT Sequence Detection System.
Gene expression quantification. To draw the standard curve for quantification of target gene copies, plasmids containing a DNA fragment for each of the target genes were generated by TA cloning and used as an external control, while amplification of the peptidylpropyl isomerase A (Ppia) gene was used as an endogenous control.
The concentrations of purified plasmid were determined in micrograms per optical density unit and were converted to molar units, from which the estimated numbers of gene copies were calculated. Then, serial dilutions (7 steps of dilutions from 10 1 to 10 6 gene copies) of the plasmid were used to generate standard curves, which were prepared for both the target and the endogenous control. The equation of the line that best fitted these data was determined by regression analysis. The R 2 value was calculated for each data set to evaluate the accuracy of the real-time PCR as a quantification method. Linear regression analysis revealed an R 2 value of Ն0.99 in all standard curves. We normalized the amount of target gene transcript in our tested samples by using their Ppia fluorescent signal after real-time PCR amplifications. Gene expression changes were determined by the ratio of normalized quantity in treated groups to those in untreated groups (n ϭ 5 each). We set 10 copies per reaction to be a minimum detectable level in the gene expression quantification by the standard curve method (16) .
Statistics. Unpaired Student t-test was used for statistical evaluation of intergroup differences in BP and physiological parameters (with relation to administered drug dose and pharmacological and dietary interventions) and of changes in tissue mRNA levels (with relation to pharmacological and dietary interventions). Values are expressed as means Ϯ SE unless otherwise indicated.
RESULTS
Phenotype changes induced by interventions.
Temporal systolic BP changes in SHRSP were shown for individual drugs in the pilot and main studies separately (Fig. 1, A and B) . In the cases of candesartan and enalapril, systolic BP was markedly decreased as early as day 3 after starting administration at any tested concentrations compared with the control status (i.e., 0 mg⅐kg Ϫ1 ⅐day
Ϫ1
). Since no further BP-lowering effects were attained beyond the relevant concentrations, an appropriate dose was set to be 5 mg⅐kg Ϫ1 ⅐day Ϫ1 for candesartan and 20 mg⅐kg Ϫ1 ⅐day Ϫ1 for enalapril. In the case of hydrochlorothiazide, on the other hand, there were no apparent dose-dependent decreases in systolic BP throughout the administration period. Therefore, an appropriate dose was set to be 20 mg⅐kg Ϫ1 ⅐day
for hydrochlorothiazide between two doses tested. When salt loading was conducted in SHR, increases in daytime BP (which was evaluated by radiotelemetry) were observed in the latter half of the intervention (between 14 and 16 wk of age) (Fig. 2) . The BP increases lasted for several days after the salt loading period. Also, when high lipid diet was given to SHR, significant increases in total cholesterol levels were observed compared with the rats fed on normal rat chow (Table 1) . Thus, two types of dietary interventions were considered to induce noticeable hemodynamic and biochemical changes in SHR at 16 wk of age, when tissue mRNA levels were investigated.
To facilitate the reader's understanding of the physiological linkage of gene expression to the treatment of hypertension and dietary intervention, a series of physiological parameters in- Fig. 2 . Time-course changes in systolic BP during and after salt loading in spontaneously hypertensive rats (SHR). Daytime and nighttime systolic BP (SBP) was recorded with the radiotelemetry in male SHR with and without (n ϭ 3 each) salt loading. Salt loading was performed for 4 wk between 12 and 16 wk of age. Each data point represents daily average daytime systolic BP with the rats housed under controlled conditions (temperature 21°C, 12-h day-night cycle). BP values are expressed as means Ϯ SE. *P Ͻ 0.05, normal rat chow vs. salt loading by the unpaired t-test.
cluding organ weights and urinary protein is demonstrated in Table 1 . Among significant changes observed in the present study, it is of note that the relative weight of heart and peri-testis fat pad was decreased by candesartan and enalapril treatment, and the relative heart weight was increased by salt loading. Although the underlying mechanisms remain unclear, BP was significantly (P Ͻ0.001) decreased by high lipid diet in SHR. Based on the BP changes thus attained, we could determine the BP-independent mechanism only between enalapril and candesartan, whereas we could not exclude the BP-dependent mechanism when comparing the results for these two drugs with those for the other experiments.
Baseline tissue mRNA level. Table 2 shows baseline levels of tissue mRNA of 12 genes involved in the RAS and associated systems that were examined in SHRSP and SHR. There appeared to be marked differences in mRNA level among five organs tested in both rat strains. For example, while Agt was expressed ubiquitously, its mRNA levels in the heart were lowest and Ren1 was expressed at detectable levels in the kidney alone. As a whole, mRNA levels of 12 genes tended to be lower in SHR than in SHRSP. In some organs, for example, tissue mRNA levels of Agt, Ace2, and Agtr1a in SHR were 1/10 of those in SHRSP, and the mRNA levels of these three genes and two additional genes, Ren1 and Ace, were further lower in normotensive control, Wistar Kyoto rats, than in SHR (Supplementary Table S2 ). The reason for these findings, i.e., interstrain diversity, remains unclear but may be accounted for in part by differences in genetic backgrounds (or disposition) and hemodynamic overload; e.g., systolic BP levels in SHRSP are 60 -70 mmHg higher than those in SHR at 18 wk of age.
mRNA level changes induced by the RAS inhibition. For some genes in a given tissue, e.g., Ren1 in the kidney and Nr3c2 in the brain, two types of the RAS blockade induced similar and significant changes in mRNA level (Fig. 3) . Several changes were, however, found to occur in a drug-specific manner. For the readers' reference, the values of fold changes are displayed hereafter in some instances (see also Table 3 ).
In the RAS, candesartan increased Ace mRNA levels in the kidney, whereas it decreased Ace mRNA levels in the heart. Enalapril significantly increased Agt mRNA levels in the heart (2.8-fold), and more apparently in this physiological context, enalapril increased Agtr1a mRNA levels in the brain, kidney, and adipose tissue as well as in the heart (2.9-fold). In the adipose tissue, candesartan decreased both Agtr1a and Agtr2 mRNA levels, which was opposite to the changes induced by enalapril. In the aldosterone biosynthetic pathway, candesartan and enalapril significantly changed Nr3c2 mRNA levels in the kidney and adipose tissue in the opposite directions. In the kallikrein-kinin system, although baseline mRNA levels of the relevant genes were relatively modest, candesartan decreased Bdkrb1 and Bdkrb2 mRNA levels in the adipose tissue and Bdkrb2 mRNA levels in the heart, whereas enalapril increased Bdkrb1 mRNA levels in the heart. Since the degree of BP reduction is comparable between candesartan and enalapril administration (Fig. 1) , the observed differences in mRNA level changes seem to be attributable to differences in their pharmacological property.
mRNA level changes induced by diuretics. Administration of hydrochlorothiazide did not influence BP considerably but was speculated to cause substantial volume depletion, which then could lead to significant elevation of Ren1 mRNA levels in the kidney (2.2-fold) (Fig. 3) . This diuretic agent induced modestly significant increases in tissue mRNA level of several genes, such as Ace in the liver, Agtr1a in the heart, and Nr3c2 in the kidney.
mRNA level changes induced by dietary intervention. Although the overall degree of mRNA level changes was relatively modest, high lipid diet and salt loading induced significant changes in tissue mRNA level of several genes (Fig. 4) . Both types of dietary interventions similarly and significantly a Blood pressure and body weight (BW) were measured for 72 rats ͓in stroke-prone spontaneously hypertensive rats (SHRSP)͔ and 47 rats ͓in spontaneously hypertensive rats (SHR)͔, while organ weight and blood biochemistry were measured for 35 rats (in SHRSP) and 23 rats (in SHR). Also, urinary protein (normal rat chow) was measured for 26 rats (in SHRSP) and 6 rats (in SHR).
b As for blood pressure after dietary intervention (high lipid diet and salt loading) in SHR, 12 rats were used for the measurements. *P Ͻ 0.05, †P Ͻ 0.01, ‡P Ͻ 0.001, normal rat chow vs. antihypertensive drugs (in SHRSP); normal rat chow vs. dietary interventions (in SHR) by the unpaired t-test.
increased mRNA level of Cma1 in the liver and decreased that of Cma1 in the adipose tissue. Notably, in the RAS, high lipid diet increased mRNA level of Agt in 4 organs (between 1.2-and 1.4-fold), Ace in the brain and liver, and both Ace2 and Agtr1a in the adipose tissue, while it decreased mRNA level of Cma1 in the kidney. Salt loading, on the other hand, increased mRNA level of Ace in the heart and adipose tissue, and both Ace2 and Agtr1a in the heart, while it considerably decreased mRNA level of Ren1 in the kidney (0.2-fold).
DISCUSSION
This study has provided direct evidence for dynamic and complex regulations of the RAS and associated systems in the body. Two features of our results are of particular note. First, in view of BP-independent mechanisms, two major pharmacological interventions in the RAS, i.e., administration of ACE inhibitors and ARBs, have been shown to induce partly similar but substantially different patterns of mRNA level changes in a tissue-specific manner. Second, identical interventions, whether pharmacological or dietary, have been proven to induce a variety of mRNA level changes, sometimes in inverse directions, of the same gene among five organs tested.
Several studies in vivo have so far addressed the impact of two major types of the RAS blockade on mRNA level of selected genes (9, 22) . While both types of drugs are assumed to suppress ANG II action, the strongest vasoactive compound in the RAS, via Agtr1, some differences in pharmacological properties have been reported to exist between the drugs (2, 25) . First, administration of ARBs elevates plasma levels of ANG II, which may result in the activation of Agtr2 contrarily to the direct blockade of Agtr1. Also, administration of ACE inhibitors leads to the concomitant suppression of kininase activity in the kallikrein-kinin pathway as a dual pharmacological property. Moreover, the presence of "aldosterone breakthrough" has been reported for ARBs (19) . These differences have been known mostly with relation to systemic changes, i.e., plasma levels, of the corresponding components in the RAS and associated systems. Our systematic investigation in vivo has revealed that enalapril but not candesartan induces significant increases in the Agtr1a and Nr3c2 mRNA Fig. 3 . Systematic investigation of 12 genes expression in 5 principal organs after administration of 3 antihypertensive drugs in SHRSP. In each gene, a total of 15 comparisons (3 drugs multiplied by 5 organs) were made to evaluate changes in mRNA level against drug administration. The results are shown by the ratio of average treated (or drug-administered) and untreated mRNA levels, which were measured by quantitative real-time PCR and normalized for a housekeeping gene, Ppia (see MATERIALS AND METHODS). The absolute mRNA levels are largely categorized into 3 groups: high (Ն10,000 copies, colored in red), middle (between 1,000 and 10,000 copies, colored in green), and low (Ͻ1,000 copies, colored in blue) expression groups. Fold changes are displayed along the log-scale with a base of 2. *P Ͻ 0.05 and **P Ͻ 0.01, statistical differences were evaluated by unpaired t-test between treated and untreated groups (n ϭ 5 each). Values in each cell show the fold change (the ratio of mean tissue mRNA expression between presence and absence of the relevant intervention) followed in parentheses by P values, which are calculated by unpaired t-test. N/A; not available because tissue mRNA expression of the gene is considerably low and the fold change cannot be accurately determined. levels in several organs. When the overall interactions among 12 genes were compared between interventions, the RAS and associated systems appeared to change in the opposite direction between candesartan and high lipid diet in the adipose tissue and between candesartan and salt loading in the heart. This may indicate the potential, counteractive function of candesartan against metabolic disturbances in a tissue-specific manner. Enalapril, however, induced unique patterns of perturbation in the local RAS under the corresponding conditions (Fig. 5) .
Some of findings of interdrug inconsistency are conceptually explainable by differences in the inhibiting (or blocking) points in the RAS between enalapril and candesartan. For example, it has to be noted that in the adipose tissue, mRNA level was significantly decreased for six out of 12 genes tested after administration of candesartan, whereas mRNA level was significantly decreased for only one and significantly increased for two out of 12 genes after administration of enalapril. This indicates drug-specific control systems, which may be related to some physiological pathway triggered exclusively by ARBs, for example, for insulin sensitizing/antidiabetic effects (21) .
Despite physiological impacts of the RAS and associated systems on fluid-electrolyte homeostasis and fat metabolism, mRNA level in individual tissues appears to be influenced not only by local feedback but also by systemic changes in neurohumoral factors and other, as yet undetermined mechanisms in vivo. For example, angiotensinogen is highly expressed in the liver and adipose tissues and excreted into the blood stream. However, changes in its mRNA levels in these organs do not necessarily correlate with changes in its plasma levels. That is, apart from thiazide diuretics, plasma levels of angiotensinogen have been reported to be elevated after a series of interventions examined in the present study (Supplementary Fig. S1 ). Nevertheless, in mRNA level of angiotensinogen, significant increases were found only for high lipid diet in the liver and adipose tissue. Table 3 ).
In the present study, the BP-independent mechanism can be determined between enalapril and candesartan, since BP levels were almost equally reduced in the rat by these pharmacological interventions. However, the comparative analysis of the other pairs needs to be carefully interpreted because of the possible BP-dependent mechanism. Hydrochlorothiazide treatment has not induced significant changes in BP, and it has resulted in modest mRNA-level changes of the genes tested. Also, dietary interventions have induced rather modest mRNAlevel changes as a whole despite noticeable hemodynamic and biochemical changes in the rat (Fig. 2 and Table 1 ). Interestingly, apart from the Ren1 gene, salt loading and two types of the RAS blockade and diuretics do not induce mRNA level changes in the inverse direction that could be expected from the viewpoint of fluid-electrolyte homeostasis. Another finding of interest is that, though modest, Agt mRNA level is significantly increased after high lipid diet in four out of five organs, which validates an important role of dietary lipids in the induction of Agt gene expression in vivo (4) .
Moreover, our systematic investigation has identified the potential presence of some interactions in the RAS and associated systems. For example, Agtr1a and Nr3c2 tended to respond to administration of enalapril in the same direction (Fig. 3) , and Ace2 and Agtr1a tended to respond to dietary interventions in the same direction (Fig. 4) . It remains to be defined whether these are chance effects or reflect some unnoticed physiological interplay in vivo.
The detailed mechanisms linking the RAS gene expression profile to the physiological parameters measured in the present study remain to be defined. However, distinct patterns of mRNA level changes induced by a series of pharmacological and dietary interventions allow us to make some speculation in the physiological and molecular relevance of the RAS blockade. For example, in the heart of SHRSP, both candesartan and enalapril significantly reduced heart weight, in accordance with the previous studies reporting the beneficial effects of ACE inhibitors and ARBs on cardiac (or left ventricular) hypertrophy in hypertensive rats (14) . Cardiac hypertrophy and fibrosis are characteristic of hypertensive heart disease. ANG II produced locally has been known to be the dominant hormone responsible for these pathologic processes (3). Moreover, increased ACE activity and mRNA expression have been observed in rat hearts with pressure overload (20) and hypertrophic hearts induced by high salt intake (27) . This tissuespecific induction of the ACE gene may also contribute to the detrimental roles of the RAS in cardiac hypertrophy, and therefore, the RAS blockade at the point of ACE is considered to be efficacious. In this line, significant reduction in ACE mRNA levels after candesartan treatment (Fig. 3) seems to support its antihypertrophic effects, additionally to the direct blockade of ANG II at the point of Agtr1a. Since major components of the RAS-renin, ANG II, and aldosterone-can exert profibrotic effects on cells, pharmacological inhibition or activation of the local RAS leads to changes in extra-cellular matrix (ECM) turnover, i.e., synthesis and degradation, in the heart (3). Notably, Kim et al. (12) reported that ACE inhibitor (enalapril) and ARB (losartan) could equally reduce cardiac hypertrophy and suppress abnormal expression of ECM genes except for the lack of inhibition of collagen type I expression by enalapril. Likewise, our ongoing microarray analysis indicates that some ECM genes, such as subtypes of collagen and fibronectin, are differentially regulated in the heart when mRNA level changes are compared between candesartan and enalapril treatment (unpublished data). Thus, despite a comparable degree of heart weight decrease, the contents of improvement of the ECM remodeling in cardiac hypertrophy may differ to a certain extent between two types of the RAS blockade.
There are a few limitations in the present study. Above all, even if there are physiological similarities between rats and humans, some components in the RAS have been reported to differ between two species in terms of enzymatic function (8) . For example, chymase, the most important enzyme responsible for non-ACE conversion of ANG I to ANG II, shows striking species variation (1) . Accordingly, we should carefully interpret experimental findings when we extrapolate the physiological and clinical relevance of rats to humans. Also, we should keep in mind confounding influences of interstrain phenotypic diversity inherent to the rat models tested. That is, some differences in mRNA levels are known to exist between SHR and SHRSP because of interstrain differences in BP levels and genetic makeup (17) . This issue is beyond the scope of our present study but needs to be taken into account if we are to attempt to compare the results for pharmacological interventions in SHRSP with those for dietary interventions in SHR by using not the direction of changes (or fold changes) but the absolute values of mRNA level. Furthermore, end-organ protection by the RAS inhibition has been reported in the rat models studied, but it often takes longer (Ͼ12 wk) drug administration before clinical effects, e.g., reduction in proteinuria, become manifest (10, 20) . This issue requires further examination of time-course changes by focusing on individual end-organ damage. Because the present study primarily aimed at systematizing all the different gene modification observed in several contrasting studies published in this field, we have focused on changes in the mRNA levels but not in the protein levels. This needs to be further examined to verify the physiological and/or clinical relevance of our findings.
In summary, the RAS and associated systems are likely to be regulated in a multiphased manner against a variety of external stimuli; i.e., via intra-and extracellular generation of vasoactive hormones and activation of autocrine and/or paracrine hormones. In view of the concept of local RAS (6), introduced almost 20 years ago, and of prorenin (18) , contributing to tissue angiotensin generation, this multiplicity of regulation plays a key role in determining dynamic changes in vivo of the RAS and associated systems. Although findings in the present study remain phenomenological, they provide a fundamental picture of gene expression profile in vivo in the RAS and associated systems. Further extensive studies are warranted to clarify the underlying mechanisms and will then allow us to understand the pathophysiological significance or therapeutic implications of the RAS blockade toward end-organ protection.
